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(54) Magnet having pole faces 

(57) A magnet including spaced-apart first and sec- 
ond pole pi eces with generally opposing first and second 
pole faces. The first pole face has an axis extending gen- 
erally towards the second pole face and has a generally 
circular shim tray generally coaxially aligned with the axis 
and attached to the first pole face. The circular shim tray 
has shims each with a shape of generally a trapezoid 
when viewed facing the first pole face. The trapezoidal 



shaped shims may be arranged on the circumferences 
of imaginary concentric circles on the circular shim trays, 
with trapezoids on the same circumference having gen- 
erally the same trapezoidal shape and with trapezoids 
on different circumferences having generally different 
trapezoidal shapes, to provide a smoother magnetic field 
to better reduce 3D (three-dimensional) magnetic field 
inhomogeneity. 
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Description 

The present invention relates generally to magnets, 
and more particularly to reducing 3D (three-dimensional) 
magneticfield inhomogeneity in a magnet having oppos- 
ing pole pieces. 

Magnets include those having spaced-apart first 
and second pole pieces with generally opposing first and 
second pole faces, such as (but not limited to) "C- 
shaped magnets. Some magnet applications, such as 
magnetic resonance imaging (MRI) for medical diagnos- 
tics, employ superconducting magnets to generate a 
high strength magnetic field within an imaging volume. 
The imaging volume must have a low magnetic field inho- 
mogeneity for high quality imaging. Known techniques 
for reducing the magnetic field inhomogeneity within the 
imaging volume include using shimming rings attached 
to each pole face to reduce axisymmetric magnetic field 
inhomogeneity and using shims attached to the shim- 
ming rings to reduce 3D (three-dimensional) magnetic 
field inhomogeneity. What is needed is a magnet which 
is designed to better reduce magnetic field inhomogene- 
ity which, in MRI applications, will improve imaging qual- 
ity. 

The present invention is as claimed in the claims. 

Embodiments of the invention provide a magnet 
having opposing pole faces with shims which permit the 
reduction of 3D (three-dimensional) magneticfield inho- 
mogeneity. 

The magnet of the invention includes spaced-apart 
first and second pole pieces including generally oppos- 
ing first and second pole faces. The first pole face has 
an axis extending generally towards the second pole 
face and has a generally circular shim tray generally 
coaxially aligned with the axis and attached to the first 
pole face. The circular shim tray has shims each with a 
shape of generally a trapezoid when viewed facing the 
first pole face. 

In a preferred embodiment, the magnet also 
includes a generally annular shim tray generally coaxially 
aligned with the axis, radially outwardly spaced apart 
from the circular shim tray, and attached to the first pole 
face. The annular shim tray has shims each with a shape 
of generally a trapezoid when viewed facing the first pole 
face. The annular shim tray is axially disposed closer to 
the second pole face than is the circular shim tray. 

Several benefits and advantages are derived from 
the invention. The prior-art shims are generally identical 
in shape when viewed facing the pole piece, having the 
shape of a square or rectangle, and provide coarse shim- 
ming. The trapezoidal shaped shims may be arranged 
on the circumferences of concentric circles on the circu- 
lar and annular shim trays, with trapezoids on the same 
circumference having generally the same trapezoidal 
shape and with trapezoids on different circumferences 
having generally different trapezoidal shapes, to provide 
finer tuning of the shim coverage for a smoother mag- 
netic field to better reduce 3D (three-dimensional) mag- 
netic field inhomogeneity. 



The accompanying drawings illustrate two preferred 
embodiments of the present invention wherein: 

Figure 1 is a side-elevational schematic view of a 
5 first preferred embodiment of the magnet of the 
invention with the pole pieces of the magnet, and the 
thermal shield and vacuum enclosure surrounding 
the superconductive coil, shown in section; 
Figure 2 is an enlarged view of the area of the pole 
10 pieces of the magnet of Figure 1 with the shimming 
trays and shims removed for clarity; 
Figure 3 is a view taken along lines 3-3 of Figure 2; 
Figure 4 a view taken along lines 4-4 of Figure 1 , and 
Figure 5 is an enlarged side-elevational schematic 
is view of the area of the pole pieces of a second pre- 
ferred embodiment of the magnet of the invention 
with the pole pieces shown in section and with the 
shimming trays and shims removed for clarity. 

20 Referring now to the drawings, wherein like numer- 
als represent like elements throughout, Figures 1 -4 show 
a first preferred embodiment of the magnet 10 of the 
present invention. The magnet 1 0 includes spaced-apart 
first and second pole pieces 12 and 14 including gener- 

25 ally opposing first and second polefaces 16and 18. Pref- 
erably, the magnet 10 includes a "C-shaped core 20 
having two ends 22 and 24 and having a middle portion 
26 located generally equidistant from the two ends 22 
and 24. In an exemplary embodiment, the first pole piece 

30 1 2 is attached to one 22 of the two ends 22 and 24 of the 
core 20, and the second pole piece 1 4 is attached to the 
other 24 of the two ends 22 and 24 of the core 20. in 
some magnet designs the pole pieces are metallurgical fy 
fixed to the core while in other magnet designs the pole 

35 pieces are connected with removable bolts to the core. 
Typically, the core 20 and the pole pieces 12 and 14 are 
each made of a ferromagnetic material, such as iron. 

In certain magnet applications, such as in MRI med- 
ical imaging, a high magneticfield strength is required in 

40 the imaging volume 28 (shown in dotted line) located 
between the two pole faces 16 and 18. Typically, this is 
achieved by employing a superconductive coil, such as 
the cryocooler-cooled superconductive coil 30 shown in 
Figure 1, surrounding the middle portion 26 of the core 

45 20. A thermal shield 32 is spaced apart from and gener- 
ally surrounds the superconductive coil 30, and a vac- 
uum enclosure 34 is spaced apart from and surrounds 
the thermal shield 32. A cryocooler coldhead 36 (such 
as that of a Gifford-McMahon cryocooler) has its first 

so stage 38 in thermal contact with the thermal shield 32 
and has its second stage 40 in thermal contact with the 
superconductive coil 30. For a niobium-tin superconduc- 
tive coil 30, the second stage 40 would maintain the 
superconductive coil 30 at a temperature of generally ten 

55 Kelvin, and the first stage 38 would maintain the thermal 
shield 32 at a temperature of generally forty Kelvin. Addi- 
tional superconductive coils (not shown in the figures) 
may be needed to achieve a high magnetic field strength 
without exceeding the critical current density of the 
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superconductor being used in the coils, as is known to 
those skilled in the art. 

In certain magnet applications, such as in MRI med- 
ical imaging, a low magnetic field inhomogenerty (as well 
as the previously discussed high magnetic field strength) 
is required in the imaging volume 28 located between 
the two pole faces 16 and 18. There is an axisymmetric 
magnetic field inhomogenerty introduced due to the 
existence of the pole pieces 12 and 14 themselves. The 
magnet 10 is designed to reduce such axisymmetric 
magnetic field inhomogenerty. The first pole face 16 has 
an axis 42 extending generally towards the second pole 
face 18. Preferably, the second pole face 18 is generally 
identical to the first pole face 16, the second pole face 
18 has an axis 44 extending generally towards the first 
pole face 16, and the axis 44 of the second pole face 18 
is generally coaxially aligned with the axis 42 of the first 
pole face 16. The first pole face 16 has a surface region 
46 with a plurality of frustoconical surfaces 48a to 48f, 
wherein the frustoconical surfaces 48a to 48f are gener- 
ally coaxially aligned about the axis 42 of the first pole 
face 16, and wherein radially-adjacent frustoconical sur- 
faces (e.g., 48c and 48d) abut each other. Preferably, the 
frustoconical surfaces 48a to 48f cover a majority of the 
surface area of the first pole face 16. In an exemplary 
embodiment, the plurality of frustoconical surfaces 48a 
to 48f is at least five. 

The frustoconical surfaces 48a to 48f are seen most 
clearly in Figures 2 and 3. A prechosen number of circles 
have their circumferences 50a to 50g generally coaxially 
aligned with the axis 42 of the first pole face 16. Prefer- 
ably, the radial distance (i.e., the distance along a line 
extending generally perpendicularly from the axis 42) 
between radially-adjacent circumferences is generally 
equal. For example, the radial distance from circumfer- 
ence 50b to circumference 50a is generally equal to the 
radial distance from circumference 50b to circumference 
50c. The axial location (i.e., the location along the axis 
42) between radially-adjacent circumferences is not 
equal. A frustoconical surface (e.g., 48b) connectingly 
extends between a pair of radially-adjacent circumfer- 
ences (e.g., 50b and 50c). It is noted that a frustoconical 
surface (e.g., 48b) and the circles corresponding to its 
associated pair of radially-adjacent circumferences (e.g., 
50b and 50c) together form a frustum of a truncated 
cone, as can be understood by those skilled in the art. 
The radial (i.e., perpendicular) location from the axis 42 
for each circumference 50a to 50g is prechosen. The 
axial location along the axis 42 for each circumference 
50a to 50g is determined so as to minimize the axisym- 
metric magnetic field inhomogenerty caused by the pole 
pieces 1 2 and 14 themselves. Such determination of the 
axial locations of the circumferences 50a to 50g may be 
made by one of ordinary skill in the art by using experi- 
mental or analytical techniques (preferably with the 
assistance of computers) for magnetic field mapping, 
such as that disclosed in US Patent 5,045,794 entitled 
"Method of Optimizing Passive Shim Placement in Mag- 
netic Resonance Magnets" which was issued to Dorri et 



al. on September 3, 1991. It is noted that the contours 
(i.e., frustoconical surfaces 48a to 48f) of the surface 
region 46 maybe made by using conventional numerical 
control machining techniques. 

5 In a second preferred embodiment of the invention, 
shown in Figure 5, the magnet 52 includes spaced-apart 
first and second pole pieces 54 and 56 including gener- 
ally opposing first and second pole faces 58 and 60. The 
first pole face 58 has an axis 62 extending generally 

w towards the second pole face 60. The first pole face 58 
has a surface region 64, wherein points on the surface 
region 64 located an identical radial (i.e., perpendicular) 
distance from the axis 62 are also located a common 
axial distance along the axis 62, and wherein a graph of 

15 axial distance along the axis 62 versus radial distance 
from the axis 62 for such points is a curve 66 having a 
continuous slope with at least two (and preferably at least 
five) sign reversals. Such graph can be seen as the curve 
66 of Figure 5, wherein the axis 62 and a radius (i.e., 

20 perpendicular) line 67 (shown as a dashed line) extend- 
ing from the axis 62 form the axes of the graph. For a 
prechosen radial (i.e., perpendicular) location from the 
axis 62, the axial location along the axis 62 for each such 
point on the surface region 64 is determined so as to min- 

25 imize the axisymmetric magnetic field inhomogenerty 
caused by the pole pieces 54 and 56 themselves. Such 
determination of the axial locations of such points may 
be made as previously described for the first preferred 
embodiment of the invention. It is noted that the contours 

30 of the surface region 64 may be made by using conven- 
tional numerical control machining techniques. 

Alternatively, the surface region 64 of the magnet 52 
of the second pref erred embodiment of the invention can 
be derived from the surface region 46 of the magnet 10 

35 of the first preferred embodiment of the invention by let- 
ting the radial distance of radially-adjacent circumfer- 
ences 50a to 50g of the first preferred embodiment 
become very small so as to approach zero for all practical 
purposes. In the alternative, an approximation of the sur- 

40 face region 64 can be derived from the circumferences 
50a to 50g of the first embodiment by passing a curve 
(determined from standard curve-fitting techniques) 
between two proximate points resulting from the inter- 
section of radially-adjacent circumferences 50a to 50g 

45 and a plane which contains the axis 62. 

It is seen that both preferred embodiments have con- 
toured surface regions 46 and 64, which provide a 
smoother magnetic field to better reduce axisymmetric 
magnetic field inhomogenerty compared to previously- 

50 known shimming ring techniques, as can be appreciated 
by those skilled in the art. 

Applicants designed (but have yet to build) an exem- 
plary embodiment of the magnet 10 of the first embodi- 
ment of the invention using the principles of the present 

55 invention, previously disclosed herein, together with con- 
ventional magnetic field analysis, as is within the skill of 
the artisan. The magnet 10 was designed for a 0.3 Tesla 
imaging volume 28 having the shape of a sphere with a 
diameter of 10 centimeters. The peak-to-peak axisym- 
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metric magnetic field inhomogeneity was reduced from 
a calculated value in excess of 10,000 parts per million 
(ppm) to a calculated value of 8 ppm. It is believed that 
conventional shimming ring techniques could not rea- 
sonably reduce the value to below a calculated value of 5 
100 ppm. 

Magnet 10 (as well as magnet 52) may still be left 
with a 3D (three-dimensional) magnetic field inhomoge- 
neity due to its "CT shape and due to the location of its 
superconductive coil 30 which may be corrected for by 10 
using shim trays and shims. Typically the shim trays are 
made of a non-ferromagnetic material, such as fiber- 
glass, and the shims are made of a ferromagnetic mate- 
rial, such as iron. Only the shimming of magnet 10 will . 
be described. Preferably, magnet 1 0 also includes a gen- 15 
erally circular shim tray 68 generally coaxially aligned 
with the axis 42, attached to the first pole face 16, and 
having shims 70. The magnet 10 further includes a gen- 
erally annular shim tray 72 generally coaxially aligned 
with the axis 42, radially outwardly spaced apartf rom the 20 
circular shim tray 68, attached to the first pole face 16 
and having shims 70. The annular shim tray 72 is axially 
disposed closer to the second pole face 18 than is the 
circular shim tray 68. This two-tray arrangement recog- 
nizes that the surface region 46 of the first pole face 16 25 
will have its radially outermost portion extend axially 
closer to the second pole face 18 than will its radially 
innermost portion for proper shaping of the imaging vol- 
ume 28. The two-tray arrangement therefore allows the 
shims 70 of the two trays 68 and 72 to be located closer 30 
to the surface region 46 for better shimming than would 
be possible using a single shim tray, as can be appreci- 
ated by those skilled in the art. 

Magnet 10 has its first pole face 16 also include a 
piano-circular surface 74 generally coaxially aligned with 35 
the axis 42 and circumferentially abutting the radially 
innermost one 48a of the frustoconical surfaces 48a to 
48f. The circular shim tray 68 axially abuts the piano-cir- 
cular surface 74. Such piano-circular surface 74 is pro- 
vided for ease in attaching the circular shim tray 68 to 40 
the first pole face 16. Magnet 10 additionally has its first 
pole face 16 further include a piano-annular surface 76 
generally coaxially aligned with the axis 42 and circum- 
ferentially abutting the radially outermost one 48f of the 
frustoconical surfaces 48a to 48f. The annular shim tray 45 
72 axially abuts the piano-annular surface 76. Such 
piano-annular surface 76 is provided for ease in attach- 
ing the annular shim tray 72 to the first pole face 1 6. The 
second pole piece 14 of magnet 10 would have similar 
shim trays and shims, as would the first and second pole so 
pieces 54 and 56 of magnet 52. 

Preferably, as seen in Figure 4, each of the shims 
70 of the circular and annular shim trays 68 and 72 of 
magnet 10 has the shape of generally a trapezoid when 
viewed facing the first pole face 1 6. Each trapezoid has 55 
a shorter base 78, a longer base 80, first and second 
sides 82 and 84, and a geometric center point 86. The 
shorter base 78 is radially disposed closer to the axis 42 
than is the longer base 80. The first side 82 is generally 



aligned along a radius line (not shown in the figures) 
drawn from the axis 42 to the first side 82, and the second 
side 84 is generally aligned along a radius line (not 
shown in the figures) drawn from the axis 42 to the sec- 
ond side 84. In an exemplary embodiment, the shims 70 
of the circular shim tray 68 are arranged so that the geo- 
metric center points 86 (only one of which is shown in 
Figure 4) of their trapezoids are disposed on the circum- 
ferences 88a to 88d (shown in dashed line) of imaginary 
concentric circles which are generally coaxially aligned 
with the axis 42, and the shims 70 of the annular shim 
tray 72 are arranged so that the geometric center points 
86 (only one of which is shown in Figure 4) of their trap- 
ezoids are disposed on the circumference 88e (shown 
in dashed line) of an imaginary circle which is generally 
coaxially aligned with the axis 42. The combination of the 
shape and arrangement of the shims 70 provides better 
shim coverage than that provided by previously-known 
shimming techniques. The actual locations of the indi- 
vidual shims 70 on the shim trays 68 and 72 (i.e.. the 
locations of the geometric centers 86 of the individual 
shims 70 on the circumferences of the imaginary circles) 
are determined, along with their thicknesses, as previ- 
ously described for axisymmetric shimming of the sur- 
face region 46 of the first pole face 16. Preferably, the 
trapezoids on the same circumference 88a to 88e have 
generally the same trapezoidal shape, and the trape- 
zoids on different circumferences 88a to 88e have gen- 
erally different trapezoidal shapes. Preferably, at least 
two shims 70 on the same circumference 88a to 88e 
have different thicknesses. For structural reasons, the 
circular shim tray 68 may be comprised of joined- 
tog ether circular sectors (not shown), and the annular 
shim tray 72 may be comprised of joined-together annu- 
lar arcs (not shown). It is noted that there may also be a 
central circular shim 90, 

In Applicants' previously described magnet design, 
the size of the circle of shim 90 was prechosen, the sizes 
of the trapezoids of the shims 70 were prechosen, and 
the size of the trapezoids of the shims 70 on a particular 
circumference 88a to 88e were generally equal. The pre- 
viously described principles of the present invention and 
conventional magnetic field analysis were used to deter- 
mine the thickness of circular shim 90 on the circular 
shim tray 68 and the thicknesses and locations of the 
trapezoidal shims 70 on the circumferences 88a to 88e 
of the imaginary circles on the circular and annular shim 
trays 68 and 72, as is within the skill of the artisan. The 
peak-to-peak 3D (three<limensional) magnetic field 
inhomogeneity was reduced from a calculated value of 
over 3,000 parts per million (ppm) to a calculated value 
of 23 ppm. It is believed that conventional shimming tech- 
niques could not reach this level. 

The foregoing description of two preferred embodi- 
ments of the invention has been presented for purposes 
of illustration. It is not intended to be exhaustive or to limit 
the invention to the precise form disclosed, and obviously 
many modifications and variations are possible in light of 
the above teaching. For example, the surface region 46 
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of the first pole face 16 of magnet 10 may have a piano- 
annular surface, similar to piano-annular surface 76, 
connecting a radially-adjacent pair of frustoconical sur- 
faces 48a to 48f, rf required for better reduction of the 
axisymmetric magnetic field inhomogeneity of the mag- s 
net. It is intended that the scope of the invention be 
defined by the claims appended hereto. 

Claims 

1 . A magnet comprising spaced-apart first and second 
pole pieces including generally opposing first and 
second pole faces, said first pole face having an axis 
extending generally towards said second pole face 
and having a generally circular shim tray generally 
coaxially aligned with said axis and attached to said 
first pole face, said circular shim tray having shims 
each with a shape of generally a trapezoid when 
viewed facing said first pole face. 

2. The magnet of claim 1 , wherein said trapezoid has 
a shorter base, a longer base, and first and second 
sides, wherein said shorter base is radially disposed 
closer to said axis than is said longer base, wherein 
said first side is generally aligned along a radius line 
drawn from said axis to said first side, and wherein 
said second side is generally aligned along a radius 
line drawn from said axis to said second side. 

3. The magnet of claim 2. wherein each said trapezoid 
has a geometric center point, and wherein said geo- 
metric center points are disposed on the circumfer- 
ences of imaginary concentric circles generally 
coaxially aligned with said axis. 

4. The magnet of claim 3, wherein said trapezoids on 
the same circumference have generally the same 
trapezoidal shape, and wherein said trapezoids on 
different circumferences have generally different 
trapezoidal shapes. 

5. The magnet of claim 4, wherein at least two said 
shims on the same said circumference have different 
thicknesses. 

6. The magnet of claim 1, also including a generally 
annular shim tray generally coaxially aligned with 
said axis, radially outwardly spaced apart from said 
circular shim tray, attached to said first pole face, and 
having shims each with a shape of generally a trap- 
ezoid when viewed facing said first pole face, and 
wherein said annular shim tray is axially disposed 
closer to said second pole face than is said circular 
shim tray. 

7. The magnet of claim 6, wherein said trapezoid of 
said shims of said annular shim tray has a shorter 
base, a longer base, and first and second sides, 
wherein said shorter base is radially disposed closer 



to said axis than is said longer base, wherein said 
first side is generally aligned along a radius line 
drawn from said axis to said first side, and wherein 
said second side is generally aligned along a radius 
line drawn from said axis to said second side. 

8. The magnet of claim 7, wherein each said trapezoid 
of said shims of said annular shim tray has a geo- 
metric center point, and wherein said geometric 
center points are disposed on the circumference of 
an imaginary circle generally coaxially aligned with 
said axis. 

9. The magnet of claim 8, wherein each said trapezoid 
of said shims of said annular shim tray is generally 
identical. 

10. The magnet of claim 9, wherein at least two said 
shims of said annular shim tray have different thick- 
nesses. 
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